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Inadequate calorie intake or starvation has been suggested as a cause of neonatal jaundice, which can further 
cause permanent brain damage, kernicterus. This study experimentally investigated whether additional 
glucose treatments induce the bilirubin-metabolizing enzyme - UDP-glucuronosyltransferase (UGT) 1 Al - 
to prevent the onset of neonatal hyperbilirubinemia. Neonatal humanized UGT1 (hUGTl) mice 
physiologically develop jaundice. In this study, UGT1A1 expression levels were determined in the liver and 
small intestine of neonatal hUGTl mice that were orally treated with glucose. In the hUGTl mice, glucose 
induced UGT1A1 in the small intestine, while it did not affect the expression of UGT1A1 in the liver. 
UGT1A1 was also induced in the human intestinal Caco-2 cells when the cells were cultured in the presence 
of glucose. Luciferase assays demonstrated that not only the proximal region (-1300/-7) of the UGT1A1 
promoter, but also distal region (-6500/-4050) were responsible for the induction of UGT1A1 in the 
intestinal cells. Adequate calorie intake would lead to the sufficient expression of UGT1A1 in the small 
intestine to reduce serum bilirubin levels. Supplemental treatment of newborns with glucose solution can be 
a convenient and efficient method to treat neonatal jaundice while allowing continuous breastfeeding. 



Human neonates physiologically develop mild hyperbilirubinemia, which is a result of inadequate meta- 
bolism of serum bilirubin due to a significantly low expression of a bilirubin-metabolizing enzyme - UDP- 
glucuronosyltransferase (UGT) 1 Al. Although serum bilirubin levels in human neonates usually decrease 
to the normal range within a week or two after birth, hyperbilirubinemia can be severe and can cause permanent 
brain damage, kernicterus, which is caused by neurotoxic bilirubin accumulated in the brain 1 . Breast-feeding has 
been recognized as a risk factor for neonatal hyperbilirubinemia, as serum bilirubin levels are higher in breast-fed 
infants compared to those in formula-fed infants 2 " 4 . Neonatal hyperbilirubinemia can be caused by multiple 
factors such as sub-optimal intake, weight loss, increased entero -hepatic circulation, genetic polymorphism of 
UGT1 Al, and lower gestational age 5 " 8 . While inhibition of UGT1A1 activity and suppression of its expression by 
breast milk have been suggested as one of the mechanisms underlying breast milk-induced neonatal jaundice 9,10 , 
the complete mechanism has not been fully understood. 

Clinical intervention to treat episodes of severe hyperbilirubinemia calls for extended phototherapy treatment 
to photochemically reduce bilirubin or even blood transfusion. While exchange transfusions using the umbilical 
vein are needed far less frequently than in the past, phototherapy also has disadvantages. Skin rashes, decreased 
maternal-infant interaction, and lack of visual sensory input are examples of potential disadvantages of this 
treatment 11 " 13 . Although breast milk can also potentially induce the risk for kernicterus 14 , breast-feeding still has 
numerous short- and long-term health benefits to growing children. Therefore, an ideal treatment of newborn 
infants with hyperbilirubinemia should allow continuous breast-feeding while avoiding risk of the development 
of kernicterus. 

An interesting report of treating newborn infants to prevent hyperbilirubinemia dates back to 2001, which is 
when Dr. Kubota presented his work at the 16 th Annual Meeting of the Japanese Society for Breastfeeding 
Research in Tokyo. In his clinical research, a hundred newborn infants were orally given with 5% glucose solution 
immediately after birth. Breast-feeding was continued and their serum bilirubin levels were determined for a 
week. The bilirubin levels in infants who received the glucose solution along with breast milk were significantly 
lower than those in infants who only received breast milk (http://www.s-kubota.net). This simple method was 
developed based on the facts that inadequate calorie intake or starvation has been suggested as a cause of neonatal 
jaundice 15 . However, the underlying mechanism of glucose-induced reduction of serum bilirubin remains to be 
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Figure 1 | Effects of oral glucose treatments on UGT1A1 expression in hUGTl mice. Glucose solution (50%, 150 uL) was orally administered to 
14-day-old mice. Three hours after the treatment, liver (A) and small intestine (B) were isolated and used for the Q-RT-PCR analysis. The expression level 
of UGT1A1 was normalized with that of mouse CPH. *, P < 0.05 compared to the expression level in control mice, (n = 14 for control and n = 17 for 
glucose treatments). 



cleared, which can further support an establishment of a mechanism- 
based therapy of human neonatal hyperbilirubinemia. 

Because UGT1A1 is the sole enzyme that can metabolize hydro- 
phobic and neurotoxic bilirubin 16 , it can be speculated that the sup- 
plemental treatment of newborn infants with glucose solution might 
have enhanced the function of UGT1 Al to reduce serum bilirubin. In 
the present study, therefore, the effect of glucose on UGT1A1 
expression was investigated in breast milk-induced neonatal jaun- 
dice model mice and in cultured cells to experimentally prove the role 
of intestinal UGT1A1 and its regulation in breast milk- induced 
jaundice. 

Results 

Effect of oral- treated glucose on UGT1A1 expression in hUGTl 
mice. Humanized UGT1 (hUGTl) mice were previously developed 
in a C57BL/6 background. It was demonstrated that neonatal hUGTl 
mice physiologically develop mild hyperbilirubinemia the same as 
human newborns 1017 . In was further demonstrated that early human 
breast milk had an ability to suppress the expression of intestinal 
UGT1A1 in hUGTl mice 10 . To investigate the effect of an oral 
glucose treatment on UGT1A1 expression, two most important 
tissues for bilirubin metabolism, liver and small intestine, were 
isolated from control and glucose-treated hUGTl mice, and then 
Q-RT-PCR was carried out for UGT1A1 using UGT1A1 -specific 



B 



primers 18 . The expression level of UGT1A1 was dramatically low 
in the liver and the expression was not affected by the glucose 
treatment (Fig. 1A). The expression level of UGT1A1 was much 
higher in the small intestine of hUGTl mice (Fig. IB). This 
observation, which is lower UGT1A1 expression in the liver and 
higher UGT1A1 expression in the small intestine, is in agreement 
with our previous finding 17 . Interestingly, the UGT1A1 level in the 
glucose-treated hUGTl mice was statistically higher than that in the 
control mice (Fig. IB). This indicates that the reduced bilirubin levels 
in glucose-treated human newborns might have been attributed to 
increased bilirubin metabolism in the small intestine. 

Induction of UGT1A1 by glucose in Caco-2 cells. Caco-2 cells are a 
human small intestinal cell line that was isolated from a colon 
carcinoma 19 . Caco-2 cells have been used in a wide variety of 
research areas, such as drug metabolism and drug absorption. It is 
because Caco-2 cells are known to mimic human gut 20 " 23 . To examine 
the inducibility of UGT1A1 in Caco-2 cells, the cells were treated 
with chrysin, forskolin, and 6,7-dimethylesculetin, which are known 
activators of AhR, PXR, and CAR, and the UGT1 Al expression levels 
were determined by Q-RT-PCR. It was shown that UGT1A1 was 
greatly induced with chrysin, while the induction of UGT1A1 by 
forskolin and 6,7-dimethylesculetin was moderate (Fig. 2). This 
indicates that UGT1A1 can be transcriptionally regulated in Caco- 




p 120 



5 80 
5 60 




5 6 

H 

o 4 



£ 2 
5 1 




10 50 500 
Control 6,7-DE {jjM) 



10 50 100 
Control Chrysin (pM) 



1 10 50 
Control Forskolin (/jM) 



Figure 2 | Induction of UGT1A1 in Caco-2 cells. Caco-2 cells were treated with 6,7-dimethylesculetin (6,7-DE) (A), chrysin (B), or forskolin (C) for 
72 hours. RNA was isolated from the cells and Q-RT-PCR was conducted for UGT1A1. The expression level of UGT1A1 was normalized with that of 
GAPDH. 
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Figure 3 | Effects of glucose treatments on UGT1A1 expression in Caco-2 cells. (A), Caco-2 cells were cultured in the normal or glucose-free 
medium for 3 to 7 days. RNA was isolated from the cells and UGT1A1 levels were determined with Q-RT-PCR. Relative expression level of UGT1A1 
(UGT1A1 level in normal medium/UGTlAl level in glucose-free medium) was shown. (B), Caco-2 cells were cultured in the medium with 0, 5.5, or 
27.5 mM glucose for 3. RNA was isolated from the cells and UGT1A1 levels were determined with Q-RT-PCR. The expression level of UGT1A1 was 
normalized with that of GAPDH. *, P < 0.05. 



2 cells, although its inducibility is depending on the transcription 
factors that are activated by chemicals used in the treatment. 

To examine if the induction of UGT1A1 by glucose still occurs in 
Caco-2 cells, the cells were cultured in the presence or absence of 
glucose for several days and the expression level of UGT1A1 was 
determined. After Caco-2 cells were cultured for a week in regular 
media containing 5.5 mM glucose, the cells were seeded in a 6-well 
plate and cultured for 3, 5, and 7 days in glucose-free or regular 
media. At 3 days, UGT1A1 level was 2.4-fold higher in Caco-2 cells 
cultured in glucose-containing media compared to that in the cells 
cultured in glucose-free media (Fig. 3A). While at 5 days the 
UGT1A1 level was still 2.7-fold higher in the cells cultured in 
glucose- containing media, at 7 days the level was 6.5-fold higher 
than that in glucose-free media. This indicates that glucose time- 
dependently induces UGT1A1 in Caco-2 cells. 

To examine the concentration-dependent effect of glucose on the 
UGT1A1 expression in Caco-2 cells, UGT1A1 levels were deter- 
mined in Caco-2 cells that were cultured in glucose-free, low glucose, 
and high glucose media. The UGT1A1 level was two-fold higher in 
the cells that were cultured with a lower concentration of glucose 
compared to that in the cells cultured in glucose-free media (Fig. 3B), 
which was in agreement with our previous finding (Fig. 3A). A higher 
concentration of glucose (27.5 mM) exhibited slightly stronger indu- 
cibility against UGT1A1 in Caco-2 cells (Fig. 3B). These findings 
indicate that glucose is capable to time- and concentration -depen- 
dently induce UGT1A1 in Caco-2 cells. 

Promoter region of human UGT1A1 contains putative binding 
sites for Specificity Protein 1 (SP1). It has been suggested that 
glucose can increase transcription of certain genes via activating a 
transcription factor, SP1 24 . To examine if there is a possibility that 
SP1 is the central factor of inducing UGT1A1 by the glucose 
treatment, an in silico sequence analysis was carried out to search 
SP1 binding sites on the promoter region of human UGT1A1. SP1 
binding sites were identifies using a program TFSEARCH (http:// 
www.cbrc.jp/research/db/TFSEARCH.html). The in silico analysis 
revealed that there are seven binding sites for SP1 on the promoter 
region of UGT1A1 (-10,000 to -1) with a threshold score of 85.0 
(Fig. 4 A and B). 



Role of SP1 in basal function of the UGT1A1 promoter. To 

investigate the effect of SP1 sites on the induction of UGT1A1 by 
glucose, three reporter vectors containing the promoter region of 
UGT1A1 were established (Fig. 4C). Each promoter region 
included in the reporter vectors contains at least one SP1 site. 
These vectors were transiently introduced into Caco-2 cells and 
the basal promoter activities were examined by a luciferase assay. 
Compared to the control vector, which has a minimal promoter, the 
vectors containing the promoter regions of UGT1A1 had much 
greater luminescence intensities (Fig. 5A). Among them, 
UGTlAr 1300/ 7 -Luc had the highest promoter activity, indicating 
that the promoter region, -1300 to +1, of UGT1A1 plays an 
important role in the basal expression of UGT1A1 in the intestinal 
cells. 

Role of SP1 in glucose-induced regulation of UGT1A1. The 

promoter vector-introduced cells were cultured in the presence or 
absence of glucose for three days to investigate the role of SP1 sites in 
the transcriptional regulation of UGT1A1. The UGTlAr 1300/ - 7 -Luc- 
introduced cells showed a two -fold higher luminescence intensity 
when cultured in the presence of glucose compared to when 
cultured in the absence of glucose (Fig. 5B). The luminescence 
intensity in the UGTlAr 3300/ - 2800 -Luc-introduced cells was not 
different between the presence and absence of glucose. In contrast, 
the luminescence intensity in the UGT1 A l" 55007 " 4500 - Luc-introduced 
cells was 2. 5 -fold higher when cultured in the presence of glucose, 
compared to when cultured in the absence of glucose. These data 
indicate that the promoter regions, -1300 to -7 and -5500 to -4500, of 
UGT1A1 play an important role in the induction of UGT1A1 by 
glucose. 

Discussion 

As liver is known as the most important organ for metabolism of 
endogenous and exogenous compounds, bilirubin has been reported 
to be mainly metabolized to its glucuronides in the liver 25 . However, 
there are contradicting findings that a genetic polymorphism of 
UGT1A1, which causes a significant decrease in the hepatic 
UGT1A1 expression, did not affect the serum bilirubin levels in 
human adults 26 . Transplantation of small intestine from Wister rats 
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Figure 4 | SP1 sites on the promoter region of UGT1A1. SP1 binding site used for the current study was shown (A). TF Search reveals that there are seven 
SP1 sites on the promoter region of UGT1A1 (B). Promoter vectors constructed in the present study were shown (C). 

to Gunn rats, which are genetically deficient in the UGT1 locus, resulted in a reduction of serum bilirubin 28 . These evidences indicate 
resulted in a reduction of serum bilirubin levels 27 . Our recent finding that not only liver, but extrahepatic tissues also contribute to meta- 
demonstrated that specific induction of UGT1A1 in skin also bolism of bilirubin. In the hUGTl mice, developmental expression of 
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Figure 5 | Luciferase assays using promoter vectors containing the promoter regions of human UGT1A1. (A), Reporter vectors were transiently 
introduced to Caco-2 cells. The cells were cultured for three days in the normal DMEM medium and then luciferase assays were conducted. (B), The 
vector-introduced Caco-2 cells were cultured for three days in the presence or absence of glucose. Luciferase assays were conducted and fold increase of 
the luminescence intensities (intensity in normal medium/intensity in glucose-free medium) was shown. Error bars show SD, n > 3. *, P < 0.05; 
**, P < 0.01 compared to the Min P-Luc-introduced cells. 
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UGT1A1 in the small intestine correlated well to the developmental 
change of serum bilirubin levels 17 . Specific induction of UGT1A1 in 
the small intestine significantly decreased the serum bilirubin level in 
neonatal hUGTl mice 10 . These findings suggest that UGT1A1 
expressed in the small intestine might be a major contributor to 
bilirubin metabolism especially in the neonatal periods. In the pre- 
sent study, the oral glucose treatment of neonatal hUGTl mice 
resulted in the induction of UGT1A1 in the small intestine, while 
it did not affect the expression of UGT1A1 in the liver (Fig. 1). The 
failure of the liver to respond to the oral administration of 50% 
glucose might be explained by intestinal metabolism of the glucose 
resulting in lower dosing effect on hepatocytes. Due to the limited 
availability of human samples, especially of newborn intestine, 
whether the expression of UGT1A1 in newborn intestine is evident 
or not remains to be solved. The only observation that can support 
our finding is that UGT1A1 was expressed in intestine of neonatal 
calves 29 . While it can be strongly postulated that the observed 
decrease of serum bilirubin levels in glucose-treated human new- 
borns can be mainly attributed to an increase of UGT1 Al expression 
in the small intestine, further analysis is needed to fully understand 
the mechanism. This is because that it was also reported that sup- 
plementary water feedings in human neonates were associated with 
an increase in postnatal total serum bilirubin levels 30 " 31 . 

While nowadays phototherapy utilizing blue light is a first choice 
for treating neonatal jaundice, an UGT1A1 -inducing agent, phe- 
nobarbital, was used before to promote bilirubin metabolism by 
inducing the bilirubin-glucuronidating enzyme, UGT1A1 and 
thereby to treat neonatal hyperbilirubinemia. The inducibility of 
UGT1A1 by phenobarbital was completely abolished in hUGTl mice 
in a constitutive-active/androgen receptor (CAR) -null background 
{hUGTHCar 1 ' mice) 10 , confirming that CAR is responsible for the 
induction of UGT1A1 by phenobarbital. Rifampicin has been known 
as a potent agonist of pregnane X receptor (PXR) and has been 
shown to induce UGT1A1 in human primary hepatocytes and in 
human hepatocarcinoma HepG2 cell lines 32,33 . Other nuclear recep- 
tors also regulate the expression of UGT1A1. To date, it has been 
reported that glucocorticoid receptor (GR) 34 , and peroxisome pro- 
liferator-activated receptor (PPAR) 35 induce UGT1A1, while the role 
of vitamin D receptor (VDR), liver X receptor (LXR) and farnesoid X 
receptor (FXR) in the regulation of UGT1A1 expression is still 
unknown. Benzo[a]pyrene (B[a]P) is a prototypical member of poly- 
cyclic aromatic hydrocarbons (PAHs), which is generated as a result 
of combustion and is found in significant concentrations in tobacco 
smoke. It has been known that B[a]P strongly activate Ah receptor, 
inducing its target genes, including UGT1A1, through binding their 
xenobiotic-responsive element (XRE) 36 . NF-E2-related factor 2 
(Nrf2) is an oxidative stress response transcription factor. Under 
unstimulated conditions, Nrf2, which is sequestered by Keapl in 
the cytoplasm, is rapidly degraded by the proteasome pathway. 
However, once oxidative stress exceeds a certain threshold, the 
Keapl -Nrf2 complex is disrupted and Nrf2 is translocated into the 
nucleus, up-regulating its target genes. UGT1A1 is known as an 
Nrf2- mediated oxidative stress -responsive gene 37 . Meanwhile, the 
role of SP1 in the transcriptional regulation of UGT1 Al has not been 
fully investigated. Current study demonstrated that glucose, possible 
SP1- activator, induced the intestinal UGT1A1 expression in vitro 
and in vivo. Therefore, activation of SP1 could be an alternative 
method of treating neonatal jaundice. 

Since bilirubin is a neurotoxic compound, its accumulation in the 
brain can result in a development of kernicterus, which is a perman- 
ent brain damage. However, do hyperbilirubinemic human infants 
truly require immediate intervention to reduce serum bilirubin 
levels? Mammals have evolved an enzymatic step to convert nontoxic 
biliverdin to toxic bilirubin in the body 38 ' 39 . While all primates mani- 
fest neonatal jaundice and hyperbilirubinemia 40 " 41 , humans uniquely 
develop severe hyperbilirubinemia during neonatal life. Why would 



nature develop a system that generates elevated bilirubin levels in a 
high proportion of all neonates even with taking a risk of death from 
accumulated bilirubin in the brain? It has been reported that bilir- 
ubin is a potent antioxidant and that increased bilirubin levels cor- 
related well with development of various benefits including a 
decreased risk of cancer 42 . While there is no report investigating 
the relationship between bilirubin levels during neonatal periods 
and their effect on long-term health benefits, such study in the future 
might influence therapeutic strategy for neonatal jaundice. 

Breast milk contains numerous ingredients that are necessary for 
childhood development. However, once neonates are diagnosed with 
jaundice, they need to be isolated from mothers to receive photo- 
therapy, which can cause minor but disadvantages. Supplemental 
treatment of newborns with glucose solution can be a convenient 
and efficient method to treat neonatal jaundice while allowing con- 
tinuous maternal-infant interaction. 

Methods 

Chemicals and Reagents. 6,7-Dimethoxycoumarin and chrysin were purchased 
from Sigma- Aldrich (St Louis, MO). Forskolin was obtained from Wako Pure 
Chemical (Osaka, Japan). Promoter vectors (pGL4.26, pGL4.50, and pGL4.74) and a 
Dual-Glo luciferase assay system were purchased from Promega (Madison, WI). All 
other chemicals and solvents were of analytical grade or the highest grade 
commercially available. 

Animals and treatments. TgiUGTl^^JUgtl'^ (hUGTl) mice were developed 
previously in a C57BL/6 background 1017 . All animals received food and water ad 
libitum, and mouse handling and experimental procedures were conducted in 
accordance with our animal care protocol, which was previously approved by 
Kitasato University. Glucose solution (50%, 150 uL) was orally administered to 14- 
day-old mice. Three hours after the treatment, liver and small intestine were isolated. 
For tissue collections, mice were anesthetized by diethyl ether inhalation, and the liver 
was perfused with ice-cold 1.15% KC1. The small intestine and liver were rinsed in 
cold 1.15% KC1 and stored at -80°C. 

Quantitative (Q) reverse transcription (RT)-PCR. Total RNA was extracted from 
tissues with Trizol reagent (Invitrogen). The cDNA was synthesized from total RNA 
using ReverTra Ace (TOYOBO, Osaka, Japan) according to the manufacturer's 
protocol. Primers for human UGT1A1, GAPDH, and mouse cyclophilin B (CPH) 
were developed previously 1018 . Q-RT-PCR was performed with Ssofast Evagreen 
Supermix, and the reactions were run in a CFX96™ Real-Time PCR Detection System 
(BioRad). Expression of GAPDH mRNA was used as an internal control for the 
cDNA quantity and quality. 

Cell culture and treatments. Caco-2 cells were obtained from American Type 
Culture Collection (Rockville, MD, U.S.A.). Cells were cultured on flasks (150 cm 2 ; 
Falcon, Becton Dickinson Co., Ltd., Oxnard, CA) and maintained at 37°C in a 
humidified atmosphere containing 5% of CO 2 . The culture medium consisted of 
Dulbecco's modified Eagle's medium, 1% nonessential amino acids, 2% Gluta MAX- 
1, and 10% fetal bovine serum, which were all obtained from Life Technologies 
(Gaithersburg, MD). Before the glucose treatment, Caco-2 cells were seeded into six- 
well plates at 1 X 10 6 cells/well. After 24 hours, the culture medium was changed to a 
normal DMEM medium or glucose free DMEM medium and subsequently cells were 
maintained for 24 to 72 hours until harvesting. Cells were also co-treated with 6,7- 
Dimethoxycoumarin, chrysin, or forskolin for 72 hours. RNA was isolated from the 
cells by the method described above and was used for the Q-RT-PCR analysis. 

Establishment reporter vectors. To construct pGL4.26 vectors containing 5'- 
flanking regions of human UGT1 Al, promoter regions of UGT1 Al were obtained by 
PCR reaction with primers and were subcloned into the vector. The forward and 
reverse primers were 5'-CCG CTC GAG CTT GGG CCA GTG GAA TGA GT -3' 
and 5'-CCC AAG CTT TTT GCT CCT GCC AGA GGT TC-3' for UGTlAl 13007 " 7 , 
and 5'-CCG CTC GAG AAT GAG CTT GGA CAG GTG GG-3' and 5'-CCC AAG 
CTT GCC ACC TTC CTT GAA TCC CT-3' for UGT1AL 3159/ - 2587 , and 5'-CCC CAA 
GCA CAG CAA TAG GA-3' and 5'-TGG TAT GGG GAA GGA GGG TT-3' for 
UGTlAl" 65007 " 4050 . UGTlAl 13007 7 and UGT1AL 31597 " 2587 were subcloned into the 
vector using restriction enzymes Xhol and Hindlll. 

Transfection and luciferase assay. Reporter vectors were transiently transfected into 
Caco-2 cells using Lipofectamine 2000 (Life Technologies). The vector transfected- 
cells were cultured for 24 to 72 hours in the DMEM medium in the presence or 
absence of glucose. The cells were suspended in the lysis buffer, and then the luciferase 
activity was measured with a luminometer (ATTO, Tokyo, Japan) using the dual- 
luciferase reporter assay system. 

Statistical analyses. Statistical significances were determined by analysis of variance 
followed by Dunnett's test. A value of P < 0.05 was considered statistically significant. 
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